Abstract. It is demonstrated that the only reason of structural distortions of ketene molecule coordinated in the complexes VCp 2 -H 2 C 2 O (I) and Pt(PPh 3 ) 2 -H 2 C 2 O (II) is the pseudo Jahn-Teller effect (PJTE) induced by the orbital charge transfers (OCTs) by coordination. It is shown that the η 2 -(C-O) coordination and the in-plane b 2 -type distortion of ketene in the complex (I) is due to the PJTE induced by the back donation to its LUMO 3b 2 (π CO *). The η 2 -(C-C) coordination mode, as well as the out-of-plane b 1 -type distortion of the molecule in the complex (II) is caused by two OSTs: from the HOMO 2b 1 (π CC ) to the metal, and from the d xy -atomic orbital (AO) of the atom of Pt to the vacant 3b 1 (π CC *) molecular orbital (MO) of ketene, thus being the result of the diorbital Pt-ketene interaction. The necessary parameters of the PJTE were estimated by considering the excited states of free ketene molecule, and the values of the OSTs were obtained from the electronic structure calculations of the complexes.
Introduction
The case of coordinated ketene molecule is interesting in that ketenes can be bound to transition metal complexes in a variety of ways. To date, a number of complexes with ketenes were synthesized and structurally determined by X-ray diffraction [1] [2] [3] [4] [5] [6] [7] . It is generally accepted that early transition metal complexes favor the η 2 -(C-O) bonding mode [3, 6] , the η 2 -(C-C) mode is preferred by late transition metal complexes [2, 7] . Moreover, in the fi rst case the ketene molecule undergoes the in-plane distortion, while the η 2 -(C-C) coordination mode leads to the out-of-plane distortion of ketene [1, 7, 8] . Some theoretical investigations of ketene binding to Ni, Pt [7] , and Pd [8] were reported. These computational studies show that Ni binds ketene molecule through the η 2 -(C-O) coordination mode, and Pd and Pt prefer the η 2 -(C-C) binding mode. However, the origin of instability of coordinated ketene high-symmetry (C 2v ) nuclear confi guration and its distortions in different complexes were not considered.
In the present paper, we apply a new approach to handle instabilities and structural changes in coordinated and adsorbed molecules [9] in order to reveal the origin of structural distortions of ketene molecule coordinated in two transition metal complexes, VCp 2 -H 2 C 2 O (I) and Pt(PPh 3 ) 2 -H 2 C 2 O (II). It is based on an approximate evaluation of the Jahn-Teller effect (JTE), pseudo JTE (PJTE), and Renner-Teller effect (RTE) induced by the orbital charge transfers (OCTs) in such systems. This theoretical approach proved to be effective and predictable in rationalization of experimental data regarding the distortion of coordinated molecules [9] [10] [11] . It was shown that in-plane b 2 -type distortion of ketene molecule, coordinated in the complex (I) is explained as due to the PJTE induced by the back donation to its LUMO 3b 2 (π CO *). The η 2 -(C-C) coordination mode, as well as the out-of-plane b 1 -type distortion of the molecule in the complex (II) is caused by the two OCTs: from the HOMO 2b 1 (π CC ) to the metal, and from the d xy -atomic orbital (AO) of Pt to the vacant 3b 1 (π CC *) molecular orbital (MO) of ketene.
Theoretical model and computational details
Coordination of a ligand to the transition metal complex is accompanied by the formation of bonding molecular orbitals (MOs) between the metal and the ligand. Due to formation of these bonding MOs the orbital charge transfers (OCT) to or from coordinated molecule take place. We assume that the infl uence of these small OCTs q (q<<ne, where n is the number of electrons in the molecule) can be considered as a small perturbation to the integer-electron system. Then, in the fi rst order of perturbation theory, it can be presumed that the additional charge occupies any vacant MO of the molecule or leaves one of the occupied MO without changing signifi cantly the MO wavefunctions. These OCTs infl uence the PJTE in coordinated molecules leading to the instability and distortion of their high-symmetry nuclear confi gurations.
In the pseudo Jahn-Teller effect the problem of the stability or instability of molecular nuclear confi guration with respect to any symmetrized coordinate Q may be reduced to the consideration of the curvature K of the adiabatic potential energy surface (APES) at Q = Q 0 in the direction of Q. In the second order perturbation theory with respect to small nuclear displacements from the reference point Q 0 the expression for K is given by Eq.(1) [12] : Mold. 2016, 11(2) , 99-104
is the vibronic coupling constant between the reference |1 and higher in energy excited state |i ,  i is the energy gaps between the mixing states, K 0 is the primary force constant (the force constant without the PJTE), and H is the Hamiltonian of the electronic subsystem in the adiabatic approximation. In the particular case of two mixing states |1 and |2 the value of K is given by Eq.(3):
and the distortion of a nondegenerate state |1 in the Q direction takes place when the inequality Eq.(4) holds:
In the "frozen orbital" approximation it is assumed that the |1 → |2 excitation can be described by the one-electron excitation |i→|j that changes the occupations of molecular orbitals |i  and |j, while the other MOs remain unchanged. In this case the off-diagonal matrix element F Q (1, 2) can be simply expressed (Eq. (5)) by means of the off-diagonal orbital
In [9] it was shown that in this case the curvature K coord of the APES of coordinated molecule along the distortion coordinate can be expressed by Eq.(6).
(6)
Here K free is the curvature of the APES of free molecule in the Q direction, Δq i and Δq j are the OCTs to or from the molecular orbitals |i> and |j>, and f Q (i,j) is the off-diagonal OVCC between them. The condition of instability in the Q direction Eq.(4) in this case can be rewritten as
If the inequality Eq.(7) holds then K coord <0 which shows that the molecule is unstable with respect to the symmetrized coordinate of nuclear displacements Q. To estimate the value of K coord we need to calculate the curvature of the APES of free molecule (K free ) in this direction, to evaluate the PJT coupling constants f Q (i,j) and the orbital charge transfers Δq i induced by coordination.
To do this, we performed the electronic structure calculations of the free ketene molecule and the complexes VCp 2 -H 2 C 2 O (I) and Pt(PPh 3 ) 2 -H 2 C 2 O (II). All calculations were performed using the GAUSSIAN 09 program package [13] . The geometry optimization of all the considered species was carried out by means of the DFT (B3LYP) method [14] using the LANL2DZ basis set with non-relativistic effective core potential for Pt [15] and the split-valence basis sets 6-31G(d,p) [16] for all other atoms in the systems.
To estimate the values of the orbital charge transfers to and from coordinated ketene molecule, the calculated MOs of the complexes were rewritten in the basis of the eigenfunctions of the free ketene molecule and the atomic orbitals (AO) of other atoms. Then the changes in the occupations of MOs of coordinated molecule in the complexes are estimated from the difference in Mulliken populations of the corresponding orbitals.
Results and discussion
A general view of considered compounds, together with the relevant geometry parameters is shown in Figure 1 . It can be seen that the geometry of the C 2 H 2 O molecule in the complexes is signifi cantly different from that of the free molecule. In the ground 1 A 1 electronic state it is planar with the nuclear confi guration of C 2v symmetry. In the complex VCp 2 -H 2 C 2 O the η 2 -(C-O) binding mode takes place, the ketene molecule undergoes the in-plane distortion ( ( C-C-O= 137.10º) with the signifi cant elongation of the C-O bond (1.29Å versus 1.17Å in free molecule). The same C-O bond elongation and C-C-O moiety bending in η 2 -(C-O) coordinated ketenes is also observed in other early transition metal complexes [1, 3, 7] . The η 2 -(C-C) binding mode is preferred in the complex (II). The coordination is accompanied by the out-of-plane distortion of ketene molecule ( ( C-C-O = 145.30º and dih(C-CH 2 ) = 22.7º) and by signifi cant elongation of the C-C bond (1.43 Å versus 1.30 Å in free molecule). The optimized geometry parameters agree well the experimental data for η 2 -(C-C)-coordinated ketenes [1, 8] . It should be noted that the molecule also undergoes similar distortions in its excited states. It was established [17, 18] that in the lowest excited singlet 1 A 2 and triplet 3 A 2 electronic states ketene molecule undergoes the in-plane distortion leading to the planar C s structure, wherein the oxygen is bent away from the C-C axis (Figure 1d ). The second triplet excited 3 A 1 state is stabilized by the out-of-plane distortion to the pyramidal nuclear confi guration also of C s symmetry, but the refl ection plane in this case is perpendicular to the molecular plane of the C 2v structure (Figure 1e) . Previously [19] we have shown that instability of the high-symmetry C 2v nuclear confi guration of ketene molecule in the 3 A 2 and 3 A 1 excited states and the corresponding low-symmetry in-plane and out-of-plane distortions are due to the pseudo Jahn-Teller mixing of these states with higher excited 3 B 1 state. From this statement, some conclusions can be drawn, which may be useful in the analysis of distortions of coordinated ketene molecule. Given the fact that the 3 A 2 and 3 B 1 excited states, as well as the 3 A 1 and 3 B 1 states, differ from each other only by one spin-orbital, and the Hamiltonian H is the sum of one-electron operators, the vibronic coupling constants and between these states are respectively equal to the orbital vibronic constants (8) Based on the above, we can draw some conclusions about the binding modes and the distortions of coordinated ketene. If the back donation occurs on the LUMO 3b 2 (which is the antibonding with respect to the C-O bond), and if this charge transfer is large enough to satisfy the inequality (7), then the η 2 -(C-O) coordination mode takes place, and the molecule undergoes the in-plane distortion of the b 2 -type. The out-of-plane distortion of coordinated ketene can be realized only if the virtual 3b 1 MO acquires some additional charge by coordination. In free ketene molecule, this 3b 1 MO is much higher in energy (by 1.93 eV) than the LUMO 3b 2 . However, calculations of the ketene cation show that 3b 1 MO is signifi cantly stabilized by ionization (difference in energies of 3b 1 and 3b 2 MOs is reduced to 0.13 eV). In the context of the problem under discussion, this means that the η 2 -(C-C) coordination mode, as well as the out-ofplane distortion of the molecule can occur only as the result of a diorbital metal-ketene interaction. If the metal is able to form a bond with the occupied 2b 1 MO (π C-C ), then the C-C coordination mode is fi xed, some electron density from the HOMO 2b 1 is transferred to the complex, thereby stabilizing the unoccupied 3b 1 MO, so the back donation to it becomes possible.
To reveal which orbital charge transfers to or from coordinated ketene molecule leading to its distortions take place in considered compounds, consider molecular orbitals of the complexes which are mainly involved in the vanadium-ketene and platinum-ketene binding (Figure 2 ). In the fi rst case the V-H 2 C 2 O binding is provided by forming of only one bonding MO which is composed from the fi lled 3d xy orbital of vanadium and the LUMO 3b 2 of C 2 H 2 O (Figure 2) , the orbital charge transfer is quite signifi cant, Δq(3b 2 ) = 0.46ē. Due to forming of this MO the electron density transfers from the 3d xy -AO of the atom of V to the vacant 3b 2 -MO of the ketene molecule. Therefore, one can conclude that V-ketene bonding in the complex (I) is provided by the π-back donation from the transition metal to the ligand.
Then, the value of the curvature of the AP of coordinated ketene molecule with respect to the in-plane distortion of b 2 -type can be estimated by Eq. (9): In the Pt(PPh 3 ) 2 -H 2 C 2 O complex the two bonding molecular orbitals are formed between the metal and ketene molecule (Figure 2 ). The HOMO of the complex is the linear combination of 5d xy -AO of Pt and HOMO 2b 1 of ketene. Due to formation of this MO, some electronic density is transferred from the HOMO 2b 1 of ketene to the complex, thereby stabilizing the vacant 3b 1 orbital, as noted above. Analysis of the second bonding MO (HOMO-1) show that the same 5d xy -AO of Pt interacts with the linear combination (|2b 1  -|3b 1 ) of ketene MOs, wherein the predominant contribution comes from the vacant 3b 1 MO. This HOMO-1 of the complex provides the OCT to the unoccupied ketene MO 3b 1 , Δq(3b 1 ) = 0.28 ē. Thus, in this case, the corresponding metal orbitals can be considered as an interface in the electron density transfer from the HOMO 2b 1 of ketene molecule to its excited 3b 1 In the same approximation, by applying the JTE ideology to the ketene molecule with respect to the totally symmetric displacements of A 1 type, we can explain also the signifi cant elongation of its C-O bond in the complex of vanadium, and elongation of C-C bond by coordination to the complex of platinum. The diagonal vibronic coupling constant has the physical meaning of the force with which the electrons affect the nuclei in the direction of Q; in the MO approximation [12] . In the ground state equilibrium confi guration of free CH 2 CO molecule the distorting force F A1 equals zero. After the charge transfers q i this force changes by F(I)=∆q(3b 2 )f 3b2,3b2 , and F(II)=∆q(
. It was shown in [12] that for bonding MO f <0 for the C-C bond. Given that ∆q(2b 1 )<0, ∆q(3b 1 )>0, and ∆q(3b 2 )>0, we get F(I)<0 for the C-O bond in (I) and F(II)<0 for the C-C bond in (II). Thus, in the both cases the OCTs induce a JTE distorting force which pushes away the carbon and oxygen nuclei in (I), and the carbon nuclei in (II), thereby increasing the C-O and C-C and bond lengths, respectively.
Conclusions
In this study, we have demonstrated that structural distortions of ketene molecule caused by their coordination to transition metal complexes may be interpreted as the consequences of the PJTE induced by the orbital charge transfers It is shown that the curvature of the AP of coordinated ketene respectively in the b 2 (in I) and b 1 (in II) directions becomes negative in both complexes, that explains the origin of the geometry of coordination of the molecule. The η 2 -(C-O) coordination and the in-plane distortion of ketene in the complex of vanadium is due to the PJTE induced by the back donation to its LUMO 3b 2 (π CO *). The η 2 -(C-C) coordination mode, as well as the out-of-plane distortion of the molecule in the complex of platinum is caused by the two charge transfers: from the HOMO 2b 1 (π CC ) to the metal d xy -AO, and from the same AO of Pt to the vacant 3b 1 (π CC *) MO of ketene, thus being the result of diorbital Pt-ketene interaction.
The elongation of C-O and C-C bonds respectively in the complexes of vanadium and platinum as compared with the free ketene molecule is due to the change of the corresponding diagonal vibronic coupling constants which is induced by the orbital charge transfers by coordination.
